The paper is devoted to numerical analysis of stratified flow vortex structure around a plate under action of the unperturbed incoming free stream at a moderate Reynolds number for various geometrical modifications of the leading and trailing edges of the plate. The study is based on high-accuracy schemes and fine-resolution 2D numerical simulation of the system of equations for multicomponent inhomogeneous fluid mechanics in the frame of the OpenFOAM tools with open source, which enables computing flows of both stratified and homogeneous viscous fluids in a single formulation. Unsteady patterns of vorticity and pressure fields are analysed at various degrees of corner rounding at the leading edge of the plate and its trailing edge sharpening with a special focus on evaluation of temporal-spatial scales and intensity of the leading-edge vortices and vortex street in the wake flow. Transformation of the flow vortex structure is shown, when step-by-step modifying a rectangular plate with sharp corners into a more streamline-shaped one with rounded leading edge and tapered trailing one, up to the most appropriate NACA wing profile which is examined in details at various angles of attack.
Introduction
The problems on aerodynamic drag reduction of aircraft, naval vessels and other objects moving in water and air environments, as well as search for alternative energy generation resources, are still among the topical ones in the modern air-and hydromechanics. These acute problems serve as an incentive for theoretical and experimental studies on structure and dynamics of flows around bodies with various shapes [1, 2] , which form the fundamental basis for elaboration of effective flow control techniques.
In contrast to well-streamlined surfaces with their drag force being significantly affected by viscous stresses, in case of a bluff body, contribution of shape resistance of the body to the value of total drag is essentially predominant. So, a careful modeling of the corners shape of bodies and their structural elements exposed to the incoming flow is a major objective for a flow-response-oriented optimal design. The introduction of rounded or chamfered corners has often the positive effect of reducing the drag force and the fluctuation of the transversal force due to vortex shedding [3] , but can produce a relatively complicated hydrodynamic behavior whose physical or numerical modeling may be challenging.
In contrast to sharp-edged bodies, the absence of fixed separation points can introduce significant dependencies on the Reynolds number and on the characteristics of the incoming flow that must be taken into account during the design stage [4] . At the same time, the flow pattern around a bluff body with sharp corners is strongly dependent on the angle of incidence, and two typical flow regimes with a number of sub-regimes can be clearly identified, which are separated by a critical angle of incidence [5, 6] .
The simplest and probably the most commonly investigated sharp-edge body is a square cylinder or a thick rectangular plate, thus they are the natural candidates to investigate the effect of corner shaping on the hydrodynamic behavior of bluff bodies [7] . The main purpose of the present study is to show transformation of flow structure around a rectangular plate with sharp corners, which is, step by step, modified into a more streamlined shape by gradual rounding the sharp corners of the leading edge of the plate and tapering its trailing one, thus approaching an appropriate wing profile shape.
As one can see from the previous papers by the author [8 -12] , instantaneous patterns of stratified and homogeneous fluid flows around bodies have a number of noticeable differences which depend on a flow regime under consideration. Stratification is a natural phenomenon which is formed due to the combined effects of buoyancy forces and fluid inhomogeneity due to presence of soluble substances or suspended particles, or/and non-uniformity of temperature distribution [8, 10] . At low Reynolds numbers, the stratification and diffusion effects on the flow structure and dynamics are the strongest [8, 9] , but, in the non-stationary vortex regime, their influence is getting weaker and manifest mainly in a suppression of the vortex dynamics [11, 12] . As a logical continuation of the previous studies, the present paper is traditionally focused on the study of stratified fluid flows with the stratification and diffusion parameters matching the laboratory experiments [13] .
Problem formulation and solution
Mathematical modeling of the problem on flows around a sloping plate is based on the fundamental system of equation for multicomponent inhomogeneous incompressible fluid in the Boussinesq approximation [10, 14] . The buoyancy and diffusion effects of stratified components are taken into account, while the effects of heat-conductivity and heating due to dissipation are neglected [9] . Thus, the governing equations take the following form, Physically valid initial and boundary conditions are no-slip and no-flux on the surface of the obstacle for velocity components and total salinity respectively, and vanishing of all perturbations at infinity,
where U is the uniform free stream velocity at infinity, n is external normal unit vector to the surface,  , of a plate with length, L , and maximal thickness, h . s are initial perturbations of the fields under consideration which are generated by diffusion-induced flow due to interruption of the molecular transport of the stratifying agent by impermeable surface of the obstacle [8, 9] .
Numerical solution for the governing system of equations (1) with the boundary conditions (2) is constructed in the framework of the open source computational utility OpenFOAM using original program codes of own development in the C++ programming language based on the finite volume method [15] .
The convective terms and time derivatives in the governing equations are interpolated with a limited TVD-scheme and the second-order implicit asymmetric three-point scheme with backward differencing, respectively. For solving the resulting system of linear equations, the conjugate (PCG) and bi-conjugate (PBiCG) gradient solvers are used together with DIC and DILU preconditioning for symmetric and asymmetric matrices respectively. An iterative procedure for pressure-velocity coupling is implemented using a merged PISO-SIMPLE (PIMPLE) algorithm which has proven its high efficiency for unsteady flows [15] .
Dimensions of the computational domain are chosen by conducting a series of numerical experiments in such a way to guarantee the least disturbing effect of the free stream conditions specified at the outer boundaries on the flow structure. Particularly for the present numerical simulation, the optimal dimensions of the computational domain in the horizontal and vertical directions are of about 10 and 5 lengths of a body respectively. The mesh type used in the calculations is a block structured one with a high grading arranged towards the surface of a body in order to adequately take into account the viscous and diffusion effects in the near-wall region, and provide an adequate resolution of the finest flow elements in the most perturbed flow region around and past the body [16] . In order to satisfy all the mentioned conditions for the numerical simulation, the total number of computational cells, even for 2D problem, needs to be more than 2 mln. So, with the purpose to significantly shorten computational time, the numerical calculations were carried out in parallel using the equipment of the shared research facilities of HPC computing resources at Lomonosov Moscow State University [17] and the computing resources of the federal collective usage center Complex for Simulation and Data Processing for Mega-Science Facilities at NRC "Kurchatov Institute".
Computational results and discussion
Stratified flow is a combination of multiscale flow components, such as internal waves, vortices, and ligaments, i.e. fine flow structure components, interfaces, shells, fibers, etc., which are simultaneously formed at the leading edge of the plate and are in an active mutual interaction [10, 18] . The greatest practical interest lies in visualization and analysis of stratified flow structure and dynamics at unsteady vortex regime when, in the vicinity of the plate's edges, intensive multiscale vortices are formed, which, particularly in this case, are a dominant flow structural component. In this flow regime, temporal and spatial scales, manifestation level and dissipation rate of the vortex elements are essentially dependent on geometrical configuration of the plate edges. A comprehensive analysis of the flow structure around a plate exposed to some geometrical modifications can be carried out by studying Figures 1 and 2 which illustrate instantaneous patterns of vorticity and pressure fields for various shapes of the leading and trailing edges of the plate. These are two particular flow regions where the principal generation of vorticity vector, curl  Ωv , occurs as a consequence of both the overall reorganization of the velocity field and the baroclinic effects. The vortex structures are formed at the leading edge of the rectangular plate with sharp edges with frequency of about 4 Hz, then separate from its surface at some distance downstream from the sharp edge and again reattach the surface at a location around the plate's center (Fig.1, a) . Then, the leading-edge vortices drift downstream along the surface and interact with the shedding vortex street formed in the wake flow past the plate's trailing edge with frequency of about 5 Hz. As a result of multiple complex interactions of the two vortex systems, a new one is formed in the wake flow with frequency of about two times less than the original vortex shedding one. As one can see from Fig.1, a) , the leading-edge vortices and the vortex street past the rectangular plate with sharp corners are well outlined and have average spatial scales comparable with the plate's thickness.
Rounding the corners of the plate's leading edge leads to a decrease in intensity of the leading-edge vortices which get vaguer and more elongated outlines, as drifting downstream, with scales about twice smaller than in the case of the plate with sharp corners. At a distance from the leading edge up to a half of the plate's length, the leading-edge vortices take a form of attenuating shear layer wave-like perturbations moving downstream. The leading-edge vortices almost dissipate before reaching the trailing edge of the plate and, thus, do not affect essentially the wake flow, so that it preserves the classical vortex shedding structure (Fig.1, b) . Sharpening the trailing edge of the plate leads to some restructuring of the wake flow past the plate (Fig.1, c), d) . The vortex street in the wake preserves a regular structure but the vortex pairs with alternating signs of vorticity get significantly smaller scales and dissipate much faster downstream, as compared to the previous case. The patterns of pressure field for all the geometrical configurations of the plate under consideration (Fig.2 ) demonstrate a number of common features, including a pressure growth in front of the obstacle and a pressure drop in spotted structures around the plate, which are localized at the centers of the vortex elements generated by the leading and trailing edges of the plate. The patterns presented show that intensity, spatial scales, manifestation level and dissipation rate of the typical pressure field elements are essentially dependent on geometrical configuration of the plate.
The leading-edge rounding leads to a significant decrease in intensity and scales of the high-pressure region in front of the obstacle and low-pressure spotted structures above and below the plate due to a smoothing and stabilizing effect of the edge rounding on the leading-edge vortex dynamics. In the case of the fully rounded leading edge of the plate (Fig.2, b) , the wake flow dynamics turns to be the most intensive due to a weak influence of the drifting downstream leading-edge vortices on the wake flow, so that the classical vortex shedding form is preserved. In the case of the rounded leading edge and the tapered trailing one (Fig.2, d ), all the pressure perturbations almost vanish at a distance downstream from the trailing edge of about a half of the plate's length, and the flow dynamics around the plate turns to be the least intensive and extensive, as compared to the other geometrical configurations considered.
The latter plate modification, which is the closest to a typical wing profile shape, still has some shortcomings, including a quite long flat area where a pressure drop occurs and leading-edge vortices develop. The NACA 0012 airfoil compensates these disadvantages by providing a smooth convex connection between the leading and trailing sections. Fig. 3 shows instantaneous patterns of vorticity field both around and in the wake past the NACA 0012 wing profile for various angles of attack.
The 2D numerical simulation demonstrates the classical results of vorticity perturbations growth in the boundary layer behind the midsection of the wing profile at zero angle of attack and a transient Reynolds number, which occurs almost symmetrically along the both sides of the wing profile with a small phase shift. Change in sign of the vorticity along the profile surface indicates emergence of local separations of the boundary layer on a relevant side of the wing profile. The vorticity perturbations generated on each side of the profile descends from its sharp trailing edge, thereby forming a perturbed wake past the wing Prague, February 20-22, 2019 _______________________________________________________________________ 238 in the form of periodically folding pairs of discrete vortices. This periodicity depends on the natural frequencies of the vorticity and pressure perturbations in the boundary layer on each side of the wing profile (Fig.3, a) . . If the angle of attack is greater than 5°, the flow structure on the windward and leeward sides of the wing profile is fundamentally different (Fig.3, b) -d) . On the leeward side of the wing profile, a stable boundary layer with background oscillations is formed, while on its windward one, the boundary layer is unstable and prone to early separation. The perturbed wake flow past the wing profile is generated by interaction of the vortices separated from its windward side and the unperturbed shear layer descending from the leeward side, thus forming a sequence of pairs of opposite rotating vortex structures which are carried downstream with velocity close to the free stream one.
Conclusion
Stratified flow structure is studied numerically around a horizontal plate oriented in the direction of an incoming free stream at a moderate Reynolds number for different geometrical modifications of the leading and trailing edges of the plate.
Analysis of unsteady patterns of vorticity and pressure fields shows that, in the case of a plate with rounded corners, the leading-edge vortices are significantly smaller in scales and dissipate rapidly downstream, so that the wake flow takes a regular vortex shedding structure without interacting with the leading-edge vortices. The vortex perturbations in the wake flow past the wing-type plate are relatively small-scale and practically vanish at a distance downstream from the trailing edge less than a half of the plate's length.
The computations of flow around the horizontally installed NACA 0012 airfoil, which, in contrast to the wing-type plate, provides smooth convex connection between the leading and trailing parts, show the flow separation zone shifts essentially downstream, and the vortex elements in the wake flow significantly grow in scales as compared to the wing-type plate considered.
Increase in the angle of attack of the wing profile leads to instability of the boundary layer on the windward side and its early separation from the surface. The wake flow is generated by interaction of the free vortices separated from the windward side with the unperturbed shear layer descending from the leeward side.
The numerical results obtained show that by rounding sharp edges of an obstacle and giving it a more streamlined shape it is possible to control spatial and temporal scales, manifestation level and dissipation rate of vortex street past the body, and, thereby, get a drag reduction.
The 2D numerical approach developed is universal and can be extended for studying 3D stratified flows in a wide range of geometrical, dynamical and physical parameters of incompressible fluid and compressible gas flows.
